Abstract: Incident angle of light source is a key factor that affects imaging resolution of direct optical imaging for a reflected target. For a large incident angle, it is easy to form the "blind area" in which the image of the object cannot be distinguished clearly. Using classical statistical optics, we study ghost imaging (GI) for a reflected object numerically and experimentally and show that by measuring the second-order correlation of light fields, a ghost-image with good quality can be retrieved in the "blind area." Unlike transmitted ghost imaging, which is affected greatly by the transverse size of the test detector, the size has almost no effect on the resolution of reflective ghost imaging when the blind area appears.
Introduction
Ghost imaging (GI), also known as correlated imaging, was first realized in an experiment using second-order spatial correlation of entangled photon pairs generated by spontaneous parametric down-conversion in 1995 [1] , [2] . The essence of ghost imaging is to reconstruct the information of an unknown object by measuring the intensity correlation between the test beam and the reference beam of the imaging scheme [3] . In the last decades, GI has become a very attractive topic in the field of quantum optics [4] - [14] . Since it was shown that GI is achievable with classically correlated beams and which provides more potential applications by comparing with that under an entangled source, plenty of methods have been introduced to improve the image quality [5] - [8] , [14] - [20] . For instance, the high-order correlation is used to enhance the visibility of ghost images [15] , [16] , and spatial averaging technique has been exploited to speed up the convergence [5] , [6] . Meanwhile, a method based on compressive sensing was proposed to improve imaging quality and the efficiency of correlated imaging [17] - [20] .
As we all know, the transmitted targets were used in many studies. In fact, reflective ghost imaging (RGI) is closer to practical imaging-sensing field applications. Recently, some experiments have shown that the bucket detector in ghost imaging configuration could view the object in reflection rather than in transmission [21] - [24] . Meyers et al. conducted the first experiment of RGI using a toy [21] , and Bisht et al. explored the effects of coherence width and transverse size of the source by measuring reflected photons [22] . In particular, without bucket detector, Velten et al. Fig. 1 . Setup of lensless ghost imaging for the reflected object. n denotes a unit vector pointing in the direction that perpendicular to the object plane, and x r , x t represent the coordinate at the reference detector plane and test detector plane, respectively. demonstrated an incoherent ultrafast imaging technique to recover 3-D shapes of non-line-of-sight objects by using the diffusely reflected light [25] , while non-line-of-sight imaging involves additional image reconstruction and it is not strictly a RGI technique. More recently, theoretical results have been reported [26] - [29] . Luo and Cheng theoretically investigated the effects from the reflective angle on ghost diffraction with a rough object. The results showed that diffraction patterns were distorted significantly with the increment of the angle. In this paper, we investigate the performance of RGI with large incident angles in a lenless ghost imaging scheme. Combine with the theoretical derivation, we firstly give the analytical expression of the point spread function (PSF) of lensless ghost imaging with a reflected object, from which one can see the effect of the incident angle on imaging resolution. By the theoretical and experimental results, it is shown that for direct imaging, not enough details of a reflected object can be obtained when the incident angle increases to a critical value, here we call the area in which the incident angle is greater than the critical value "blind area." While RGI can reconstruct the image with good resolution. In addition, we experimentally demonstrate the influence of the transverse size of the detector in the test arm on RGI, and the result is quite different from that in transmitted ghost imaging (TGI).
Theoretical Analysis
The setup of lensless ghost imaging for the reflected object is shown in Fig. 1 . A nonpolarizing beam splitter (BS) divides the incident thermal light beam into two orthogonal paths, which travel along the test arm and the reference arm, respectively. In the test arm, a reflected object is placed at a distance z 1 from the source, and then the reflected photons are collected by a bucket detector (D t ) which is at a distance of z 2 from the object. As for the reference arm, the light propagates freely z 0 length to a CCD camera (D r ) with spatial resolution. The distances satisfy z 0 = z 1 .
Assuming that the source E(u) is quasimonochromatic with a mean wavelength λ, the information of the object can be retrieved by measuring the correlation function of intensity fluctuations depending on both paths [5] , [6] 
where u i , u j (i , j = 1, 2) represent the locations of the source plane, and
is the first-order correlation function of the fluctuating source field, represented by
For the light source, we suppose that it is fully spatially incoherent and its intensity distribution is of the Gaussian type, and then
where a is the transverse size of the source, and δ(u) is the Dirac delta function. Under the paraxial approximation, the impulse response function of the reference arm h r (u, x r ) can be derived from the Huygens-Fresnel integral [7] h r (u,
Similarly, the impulse response function of the test arm h t (u, x t ) is expressed as
where θ i (θ o ) is the angle between the unit vector n and the incident (reflected) light. The two angles are equal in our experiment. For simplicity, we use the reflected object with smooth surface during the experimental implementation, as is stated in [29] t(ξ)t
where ξ is the coordinate at the object plane.
Substituting (2)- (6) into (1), after some calculations, we can get the following expressions:
where
Integrating over x t , ghost-image is given by from (8), the PSF of the correlated imaging system is
In the similar way and with the help of θ i = θ o , we can obtain the PSF when only the test arm is considered and D t is used as a CCD camera [30] h (ξ,
It is well known that imaging resolution is determined by the property of the PSF, and the resolution is inversely proportional to the full widths at half maximum (FWHM) of PSF. From (9), we can qualitatively obtain the influence of the incident angle on imaging resolution. The increasement of the incident angle leads to the increasement of FWHM of PSF, which means the worse resolution. By comparing (9) with (10), h (ξ, x r ) has a narrower FWHM compared to h (ξ, x t ) when β 2 1 > αβ 2 . Here, the condition is always satisfied for a typical lensless ghost imaging system. In other words, imaging resolution of RGI is better than that of direct imaging when the incident angle stays unchanged.
Numerical and Experimental Results
In this section, we use the numerical simulations and experiments to demonstrate the above results. The thermal source (transverse size a = 1 mm) was prepared by illuminating a frequency-doubled pulsed Nd:YAG laser with wavelength λ = 632.8 nm into a slowly rotating ground glass. The object is chosen in the form of two very thin reflecting lines, i.e., a form of a double slit (slit width 0.2 mm and center-to-center separation 0.8 mm). The distances shown in Fig. 1 satisfy z 0 = z 1 = 175 mm, and the distance between the target and the bucket detector is fixed as z 2 = 70 mm. The detector's transverse size in the object path is denoted as D.
For the sake of comparison, direct imaging and correlated imaging with a reflected object are implemented during our experiment. During of Ghost imaging, the information of the object is reconstructed by averaging over 10000 samples, and the detector in the test path is a bucket detector. In direct imaging, only the test path is used and the bucket detector is replaced by the CCD camera, other parameters remain unchanged. In Fig. 2 , we choose different incident angles of light source θ i = π/6 and 13π/36. The solid curves in the lower are the normalized horizontal sections of the experimental patterns in the upper and the dashed curves correspond to the numerical simulation results. Here, Figs. 2(a) are the results of ghost imaging and Figs. 2(b) represent the direct imaging. It is shown that an increase of the incident angle results in the slow degradation of the imaging resolution in ghost imaging. While the resolution of the direct imaging decays rapidly during the process [see Figs. 2(b) ], and it is quite difficult to distinguish the double slit only by imaging setup of the test path when θ i = 13π/36, as shown in Fig. 2(b2) . It is also noticed that Other parameters are the same as those in Fig. 3(a1) .
imaging resolution of ghost imaging is always better than that of direct imaging for the same angle, which conforms to the analysis of (9) and (10) .
With the constant increasement of the incident angle to 7π/18 and 5π/12 in Fig. 3 , one can not distinguish the double slit only by the test detector. Here, we call the area in which the image of a reflected object can not be distinguished "blind area." Interestingly, by using a reference arm and considering second-order correlation, ghost-image with high resolution can be constructed in "blind area" [see Fig. 3(a1) ]. Even for a quite large angle, a relatively clear ghost-image can also be obtained, as shown in Fig. 3(a2) . Therefore, RGI can reduce the effects from the incident angle of the source and expand the imaging range, which is more applicable for the remote sensing. Additionally, it is shown that the image of the double slits becomes thinner in the experiment, the reason for which being that the object plane which can be used to reflect the photons is narrowed when the incident angle increases.
Finally, the influences of the transverse size of the detector (bucket detector) in the test path on the resolution of RGI and TGI are analyzed, and the results are plotted in Fig. 4 . We choose different values of transverse size D as 517.5 μm, 103.5 μm, and 3.45 μm (here, the pixel size of our detector is 3.45 μm). For a reflective target, the transverse size of detector has almost no influence on imaging resolution for a large incident angle (θ i = 7π/18), as shown in Fig. 3(a1) and 4(a) . For a transmitted object (a double slits with slit width 0.2 mm and center-to-center separation 0.4 mm), the results are shown in Figs. 4(b) . Obviously, the imaging resolution dramatically decreases with the decrement of D. It is indicated that RGI is more robust against the changes of the detector size when compared with TGI. The difference mainly comes from the existence of a large incident angle under which the "blind area" appears [see Fig. 3(b1) ]. In other words, the images of the two slits overlap and can not be distinguished only by the test detector, which greatly increases the possibility that the information from the two slits is obtained using a small bucket detector; then, the ghost-image of the reflective object can be reconstructed well by measuring the intensity correlation between the two beams. From Fig. 4(a3) , the reflective target can even be reconstructed when a pixel of the test detector, i.e., a single point-like detector is used. The experimental results are in agreement with the theoretical analysis of (9), i.e., the imaging resolution of the reflected object does not depend on D in the "blind area." Noted that Gong theoretically demonstrated that the quality of ghost imaging for a reflective target with a smooth surface can be improved with the increase of the transverse size of test detector [29] . In our opinion, the imaging quality mentioned in his work is the fidelity between the image and the original object, which is different from the imaging resolution. It can be seen from [29, Fig. 2 ] that the resolution keeps unchanged when the transverse size of the test detector is changed. Therefore, our results are not conflict with his conclusion. In practice, a random phase for each measurement must be considered for rough objects. This case is more complicated, and the corresponding results will be discussed in the future work.
Conclusion
In conclusion, we have demonstrated the effects from large incident angles on RGI with thermal light. The results show that RGI is feasible for reconstructing the information of a reflected object in the "blind area" of direct optical imaging. It is theoretically and experimentally shown that directing imaging is more sensitive to the variation of the incident angle of light source when compared with RGI, especially for a large incident angle. Besides, the difference of the effect from the transverse size of the test detector on both RGI and TGI is analyzed. The results show that for a large incident angle, RGI can obtain ghost-image with good resolution even when a single point-like detector is used. Our results may be useful for practical imaging-sensing field applications.
